Described are the synthesis and characterization of two, potentially tetradentate, N 2 S 2 Schiff-base ligands, containing a disulfide bond, N, and L 2 and the complexes 1 and 2 have been characterized spectroscopically, and the crystal and molecular structures of the two complexes have been determined by single crystal X-ray diffraction. The coordination geometry around Zn(II) centers in both complexes is a distorted tetrahedron. In addition, DFT calculations (B3LYP/LANL2DZ/6-311++G(d,p)) support the structure of 1. Cyclic voltammetric studies demonstrate that Zn(II) shifts the reduction potential of the disulfide ligands L 1 and L 2 to less negative values thus making them more susceptible to reductive cleavage of the disulfide bond. The results of semi-empirical PM6 calculations offer key insight into the nature of the transition state for this reaction.
Introduction
Zinc, which is always present in the +2 oxidation state in organisms, plays a number of important roles in protein chemistry [1] [2] [3] [4] [5] . Examples include the interactions of the thiols of cysteine (Cys) residues with Zn 2+ in various metallothioneins and zinc fingers [1, 2] . Notably, since cysteine is redox active, although Zn 2+ is not, zinc coordination environments with multiple thiol or thiolate ligands can be oxidized and then reduced again at the sulfur centers with concomitant release and binding of Zn 2+ (Scheme 1) [6] . For example, in zinc fingers a thiol-disulfide exchange reaction can occur between a protein bearing small thiol-containing residues, such as glutathione, and a protein containing a disulfide bond [7] [8] [9] [10] . The proposed mechanism involves mixed glutathione disulfide formation coupled with association and dissociation of the catalytic zinc ion. In a similar example of a non-innocent ligand, S-hydroxymethylglutathione is oxidized by the zinc enzyme alcohol dehydrogenase to S-formylglutathione (Scheme 1) [11] .
The dielectric properties of the protein and electrostatic screening of zinc sites also affect the reactivity as does the redox potential of the Zn/S site [12, 13] . Because entropic factors have a great influence on the redox potential of thiol/disulfide pairs, the zinc ion is an important determinant of the redox potential. As a result, the redox potential shifts to such a low value that mild cellular oxidants such as glutathione disulfide react with Zn/S sites and release Zn 2+ [14] . This ligand-centered redox process can also lead to the release of cadmium(II) and copper(I) when these metal ions bind to metallothioneins under specific conditions [15] .
In the context of on-going interest in the synthetic analogues of zinc proteins [3, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , we report the syntheses, spectral characterizations and structures of two tetradentate Schiff base ligands L 1 and L 2 (Scheme 2) and the products of these ligands reactions ) 2 from the thiol ligand, N-trans-cinnamylidene-2-mercaptoaniline, has been previously reported, but without a concomitant X-ray crystal structure [26] . We also discuss the prospective mechanism of the disulfide to thiolate transformation promoted by the Zn 2+ centers.
Experimental

Materials and general methods
All solvents and chemicals were of commercial reagent grade and were used as received from Aldrich and Merck. The Schiff base ligand L 1 was prepared as reported elsewhere [27] . Infrared spectra from KBr pellets were collected on a FT-IR JASCO 680 plus spectrophotometer in the range 4000-400 cm
À1
. UV-Vis absorption spectra were recorded on a JASCO V-570 spectrophotometer. 1 
Synthesis of [Zn
The complex 2 was prepared by a procedure similar to that of 1 except that L 2 (62.9 mg, 0.1 mmol) was used instead of L 2.5. Crystal structure determination and refinement for 1 and 2
Orange single crystals of 1 and 2 were obtained by slow evaporation of a methanol solution of 1, and a dichloromethane-methanol solution of 2 (2.5:1 v/v) at room temperature. 2 crystallized as a solvate incorporating obviously both solvents in a slightly disordered and non-stoichiometric fashion. Due to the very small size of the available crystals the diffraction data of 1 were collected at the ESRF with a synchrotron source (k = 0.70135 Å) at T = 100 K and a diffractometer with a Dectris Pilatus 2 M pixel detector. Cell refinement, data reduction and correction for absorption (multi-scan method) were performed with instrument software [29] . The structure was solved with direct methods using the program SIR2004 [30] and structure refinement on F 2 was carried out with the program SHELXL97 [31] . X-ray data for 2 were collected at T = 100 K on a Bruker Kappa APEX-2 CCD diffractometer with graphite monochromated Mo Ka (k = 0.71073 Å) radiation. Cell refinement and data reduction were performed with program SAINT [32] . Correction for absorption was carried out with the multi-scan method and program SADABS [32] . The structure was solved with direct methods using the program SHELXS97 and structure refinement on F 2 was carried out with the program SHELXL97 [31] . A dichloromethane solvent molecule disordered about a symmetry center at x, y, z = ½, ½, 0 and obviously intermingled with methanol was taken into account by refining the population parameters of one chlorine and one carbon atom position without restraints and neglecting any hydrogen atoms. The final population factors for these two sites were Cl1s 0.387 (4) , respectively, in a 1:1 M ratio. Notably, in each case, the disulfide ligand is reduced to two thiolate NS ligands in the presence of Zn(II) (Scheme 4).
This reaction was carried out in several alcohols including methanol, ethanol and n-propanol. When n-propanol was used as the solvent, the reducing role of alcohol was confirmed by the detection of propionaldehyde as a reaction product by gas chromatography-mass spectrometry (molecular ion (M) + at m/z = 58.1).
Since the ligand L 1 is stable in these solvents, zinc acetate must be facilitating the reduction of the disulfide to thiolate with concomitant oxidation of the alcohol. The reaction is also facilitated by a base such as triethylamine (Fig. 1) . The visible absorption spectrum of Zn(L 3 ) 2 in methanol solvent shows a maximum at 446 nm (Fig. 1a) . When equal volumes of Zn(OAc) 2 (2 Â 10 À4 M) in methanol and L 1 (2 Â 10 À4 M) in chloroform were mixed, absorbance changes at 446 nm indicating the formation of Zn(L 3 ) 2 occurred much more rapidly in the presence of added Et 3 N (10 À3 M) than in its absence (Fig. 1b) . This suggests that the added Et 3 N acts as proton scavenger in this process. It is likely that the acetate counterion added with the zinc also serves this purpose.
Description of the crystal structures of 1 and 2
The crystal structure of the ligand L 1 has been reported previously [27] . By means of an independent X-ray structure determination (results available upon request) we were able to confirm this result and proved that our L 1 material is the disulfide Schiff base ligand shown in Scheme 2. According to [27] , bond lengths and angles in the central CÀSÀSÀC group of L 1 are SÀS = 2.0302(6) Å, CÀS = 1.782(2) and 1.779(2) Å, and CÀSÀSÀC = À86.14(8)°at 100 K, while our own values were similar but obtained at room temperature.
, crystallizes in monoclinic space group C2/c. The molecular structure is shown in Fig. 2 , and selected bond distances and angles are listed in Table 2 . This structure clearly shows that the ligand L 1 has undergone scission of the disulfide bond to give two NS bidentate thiolate Schiff base ligands coordinated to the Zn(II). The angles around the metal center deviate significantly from the 109.5°of an ideal tetrahedron and range from 88.82(5)°for N1-Zn-S1 to 127.10(3)°for S2-Zn-S1. The average bond lengths of 2.081 Å for Zn-N and of 2.276 Å for Zn-S agree well with the analogous distances reported for related tetrahedral zinc complexes [3, [34] [35] [36] . The SÁ Á ÁS distance in the tetrahedron is 4.075 Å, about twice the length of the S-S bond in L by an in-plane repositioning of the S atoms relative to the almost rigid aminobenzene fragments. The molecular structure of 2 is shown in Fig. 3 , and selected bond distances and angles are listed in Table 2 . This complex crystallizes in triclinic space group P:
1 Again, the Schiff base ligand, L 2 has undergone scission of the disulfide bond to two NS bidentate thiolate ligands. The coordination geometry around the Zn(II) center is distorted tetrahedron with angles ranging from 88.81(6)°for N2-Zn1-S2 to 132.09(3)°for S2-Zn1-S1. The mean bond lengths of Zn-N = 2.087 Å and Zn-S = 2.266 Å are similar to [Zn(L
3
) 2 ] and in agreement with corresponding distances reported for related Displacement ellipsoids are drawn at 50% probability. , L 2 , 1 and 2 respectively. The aromatic protons of these compounds appear in the appropriate region (5.8-7.8 ppm) [26, 38] .
Electrochemical studies
To verify the effect of Zn(II) on the reduction of the S-S bond the electrochemical behavior of L 1 in the absence and presence of Zn(II) was investigated by cyclic voltammetry. The cyclic voltammograms of L 1 and L 1 + Zn(II) in methanol are presented in Fig. 4 .
The ligand-centered irreversible reduction observed at À1.25 V (blue CV) corresponds to the reduction of S-S bond of the free ligand L 1 , and is in agreement with the reduction of closely related disulfide Schiff bases reported in the literature [39] . In the presence of equimolar zinc acetate this reduction process occurs at À0.98 V. The 0.27 V shift to less negative potentials is presumably due to the polarization of the S-S bond of L 1 induced by Zn(II) ion, and gives further support to the S-S bond cleavage by the model presented in Scheme 4. The irreversible reduction wave at À1.48 V corresponds to Zn(II)/Zn(0) of Zn(L 3 ) 2 , produced after the first reduction process. A similar reduction wave is observed in the CV of complex 1, Zn(L 3 ) 2 , in methanol solution (Fig. 5 ).
Theoretical calculations
Theoretical calculations were performed in order to rationalize the S-S bond cleavage observed upon the formation of 1, from zinc acetate and L 1 . First, the structure of the [Zn(L 3 ) 2 ] complex was optimized in the gas phase at the Hartree-Fock (HF) level of theory using 6-31G(d) basis set on the C, N, H and S atoms, and the relativistic effective core pseudo potential LANL2DZ for the zinc atom. The optimized HF structure was used as the starting geometry for the optimization at the DFT-B3LYP level of theory. The basis set for the C, N, H and S atoms were improved to the 6-311++G(d,p) and again LANL2DZ was used for the Zn atom. Vibrational frequency calculations were performed on the optimized structure of the complex to search for the imaginary frequency and obtain the vibrational frequencies of complex in the gas phase. The optimized structure did not show any imaginary vibrational frequency which confirms that the optimized structure is at a local minimum. The structure obtained from geometry optimization conforms approximately to the distorted tetrahedral geometry around the Zn atom determined by X-ray diffraction analysis. A comparison of calculated and experimental values of selected bond length and angles of 1 is provided in Table 3 . Assignment of the IR spectrum of 1 can be proposed on the basis of frequency agreement between the computed harmonics and the observed fundamental modes (see the Supporting information). The small differences between the calculated and experimental vibrational frequencies are likely to originate from (i) the environmental conditions (solvent effect) and (ii) from the fact that the experimental values are anharmonic frequencies while the calculated values are harmonic.
As described above, the solvent alcohol apparently serves as the reducing agent in the process leading to the reduction of the disulfide bond to thiolate in the presence of Zn(II). Thus, it is of interest to theoretically find a transition state (TS) that might represent the Zn 2+ mediated reduction of the disulfide bond by the solvent. To pursue this goal, the semi-empirical PM6 method, containing the Zn, C, S, N and H parameters, was used. Several initial structures containing the ligand, Zn 2+ ion and a molecule of solvent (MeOH)
were proposed (e.g., Fig. 6 ) and the computational method led to the transition state (TS) presented showing transfer of hydride from MeOH to the S atom of the ligand and simultaneous breaking of the S-S bond. To facilitate the TS searching, the size of the ligand was reduced and the Zn 2+ ion was initially positioned at nearly equal distances from S and N atoms. The transition state optimization (opt = modredundant, calcfc, noeigen, TS) of the initial structure (Fig. 6 ) at the PM6 level of theory converged to the TS structure shown in Fig. 7 .
The unrestricted HF frequency calculations on the optimized structure of TS at the PM6 level of theory found one imaginary frequency. The vibrational frequency is about À1060.82 cm À1 . The majority of the motion in this mode involves shifting the hydrogen atom from the C atom of CH 3 OH to the S atom of the ligand and also vibration in the S-S bond. As evident from Fig. 7 , the distance between the C and H is increased and the H atom is getting close to the S atom. The C-H bond distance in the free methanol is about 1.07 Å. It is increased to 1.86 Å in the TS and shows that the C-H bond is breaking. The value of the S-H bond distance in the TS is 1.39 Å which is very close to the corresponding value in H 2 S molecule (1.31 Å) and confirms that the S-H bond is forming. The S-S bond distance in the TS is about 2.218 Å which is larger than the corresponding value in the free ligand (2.07 Å) indicating the tendency of this bond toward breaking. The most interesting point is that the bond order of the C-O bond increases in the TS relative to the free CH 3 OH molecule. The C-O bond distance in TS is 1.29 Å which is smaller than the corresponding value in free CH 3 OH molecule (1.43 Å) and close to the C-O bond distance (1.225 Å) in formaldehyde [40] . This observation confirms that the methanol is oxidized to the formaldehyde in this reaction, which is in accord with the experimental results reported above.
Conclusion
In this work, we have reported the synthesis of two disulfide Schiff base ligands. The reaction of the disulfide ligands, L 1 and L 2 , with Zn(II) in alcoholic solvents leads to the reductive cleavage of the S-S bond and formation of Zn(NS) 2 complexes in a process relevant to analogous processes seen with zinc finger proteins. In essence, we have described a very simple method for clean reductive cleavage of the disulfide bond under mild conditions that could be used as a model of zinc coordination environments in proteins.
The reaction is also facilitated by a base which consumes the protons released in the redox process, shifting the reaction to the zinc thiolate complex formation. Fig. 6 . The initial structure which leads to the relatively correct structure for the TS. 
